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ANATYTTCAL INVESTIGATION OF TURBINES WITH ADJUSTABLE
STATOR BLADES AND EFFECT OF THESE TURBINES
ON JET-ENGINE PERFORMANCE

By David H. Sllvern and William R. Slivka

SUMMARY

An analybical investlgation of turbines with adjustable stator
blades was made to determine characteristics and limitations and
to determine the improvement in specific fuel consumption af leas
than maximim thrust for Jjet engines equlpped with thls type of tur-~
bline and with adjustable-areas exhaust nozzles. Studles were mede
concerning: (1) +the necessary variation in stetor-exit angle and
exhaugt-nozzle area; (2) the performence of & contemporary turbine
equipped wlth variable-angle stators besed on a ons-dlimensional
enelysis; (3) a comparison of the probgble performance of conven-
tlonel engines with apd without varlable-area exhaust nozzles with
engines having ad justable stators, assuming constant component
efficlencles for a wlde range of ccmpressor pressure ratios and
turbine-entrance temperatures; and (4) a comparison of the actuzl
performance of two contemporary Jet englnes wilith the analyzed per-
formsnce, assuming they were equipped with adjustable-angle stators
and verisble-area exhaust nozzles.

Anglyses were also mede to determine the effect of radius
ratlio on the assumptions used in the one-dimensional anelysis and
on the values of design perameters that result In decreasing rela-
tive rotor-entrance Mech number with Increasing turbine-entrance
total temperatures. Charts were constructed to allow quick cal-
culation of the loss parameters, relative rotor-entrance-angle
deviation, and rotor-exlt whirl loss for off-deslgn-point operation.

The following results were obtalned: (1) The variation in
stator-exit angle and exkeust area was not excessive for wide
ranges of engine thrust output; (2) the varistion in turbine effi-
ciency for contemporary turblines with adjustable stators was small
for wlde ranges of engine thrust oubput; (3) improvements from 4.5
to 17 percent (depending on design parameters) in over-all engine
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specific fuel consumption over conventlional engines, and from 2 to
8.5 percent over engines equlpped with only adjusteble-area exhaust
nozzles at 60-percent rated power were obtained with the use of

ad Justable-stator turblnes and varisble-area exhaust nozzles; and
(4) the improvement in the specific-fuel comsumptlon of the two
contemporary Jet englnes with the Introductlion of adjustables-
gtator turbines and varlable-area exhaust nozzle varied from 5 to
8 percent at 70 percent of maximum power. (These results were
obtalned by assuming that the engines eguipped (with adjustable-stator
turbines and variabls-area exhaust nozzles were designed for
cruising conditions.)

INTRODUCTION

Jet engines develop maximum output at the point of maximum
compresgor pressure ratlo and turblne-entrance temperature. The
inherent characteristics determined by the necessity of metching
the compregsor and turbine work output and msss flow of fixed-
goometry Jet englnes result in a decrease In englne speed and com-
pressor pressure ratlio as the thrust output (and turbine-entrance
temperature) ere decreased. This reductlon in compressor pressure
ratio tends to decrease the thermodynemlic cycle effilciency and,
wilth the addltional losses resulting from off-design operation of
the components, often causes a reduction In over-all engine
performance.

One method of Improving the performance of turbojet engines
at less than maximum thrust 1s the use of adJusteble-area exhaust
nozzles., By adJusting the exhaust area and thus varying the pres-~
gure ratlo across the turbine, the engine can be kept at constent
gpeed for varlations in thrust and turbine-entrance tempersature.
The compressor pressure ratlo will therefore decreese less than in
fixed -goometry englnes that operate at variasble apeed.

Another method of improving the performance of turbojet
engines at less than maximum thrust 1s to improve the off-design
performance of the compressors by adjusting the compressor bledes.
An enalysls of the performance of exial-flow compressors with
ad Justable blades 19 presented in reference 1.

A method that provides even more flexibllity at thrust con~
ditions below meximum ls the comblinetlion of adjustable turbine-
entrance stators and adJjustable exhaust nozzles that provides two
degrees of freedcm, which the contemporary turboclet engine does
not possess., Thus, the englne speed and compressor presgsure ratio
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can bs conbtrolled independently of the engine thrust, which per-
mits operatlon of the engine at cruising conditions at the highest
allowable engine speed and at the maximum obtalnable compressor
pressure ratlo; these two factors produce low spscific fuel con-
sumption under crulsing conditlions. As the turblne-entrance tem-
perature is lncreased to change from cruising to full-thrust oper-
atlon of the engins, adjustment of the angle of the blades of the
turbine~entrance stator lncreases the flow area 1n the stator to
acccmmodate the increased volume flow of gas and adjustment of the
arsa of the exhauwst nozzle changes the turbine pressure ratioc in
order to malntain & comnstant engine speed. In thls manner, the
compressor can be so regulated as to operate at a single, efficient
operating condition for a range of turblme-entrance temperatures.
If, as the required engine thrust veries, this single-point oper-
ation of the compressor does not provide the greatest economy, the
two degrees of freedom provided by adjusting the turbine-entrance
gtator and exheust nozzle may be explolted to approach optimum per-
Pformance more closely by varying the engine speed and the compressor
pressure ratio.

In addition to improving the cruising and full-thrust opera-
tion of turbojet engines, adJjusteble turbine-entrance stators and
exhaust nozzles may Ilmprove the startlng and acceleration character-
istlcs of the engine. In Jet-engine starting, two problems are
simplified by zdjustable turbine stators and exhaust nozzles.

The first is the problem of startling at sea level. Durlng
starting, wvhen the maximmm allowable turblne-entrance temperature
1s used, it might be deslirseble to change from & polnt on the com-
pressor operabing mep where the compressor 1s operating at low
efficiency (near the surge line) to & more efficient operating
point. This change may be accompllished by adjustling the turbine
stetors, thereby changing the mass flow through the compressor
and Increesing the compressor efficlency and pressure ratlio. Lar-
ger acceleratling torgue meay thereby be cobtained and self-sustained
operation may be reached at lower engine speeds.

The second - and hilghly importent - problem 1s that of englns
starting after & combustlon blow-out at altitude. AdJustment of
turbine stators to reduce the mass flow through the engine and to
Improve compressor efficiency will provide high windmilling speeds
for the engline (and therefore high burner-entrance pressures) while
malntaining low burner-entrance velocitles, thus providing con-
ditions favorable for l1gnition.

An edditional edvantage may be obtained with the use of tur-
blnes with ad justeble stators. Unlike contemporary Jet engines, the
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engines equipped with turbines having adjustable stators and

ad justable exhaust nozzlses can probebly operate &t constant speed
for a wide range of thrust. Thus, in changing from low to high
thrust, no delay will occur as 1s usual where acceleration of
high-linertla systems are necessary. An Iincidental advantage of
constant compressor speed and maximum pressure ratlc at crulsing
speed is that the tendency for burner blow-out Iis diminished
because the burner-entrance pressure is higher than for the con-
ventional units, and higher blow-out altitudes at crulsing con-
dltions are thereby attalned.

The performance of a contemporary turbojet engine with an
ad Justable exhaust nozzle ls reported 1n references Z and 3; these
references show that some lmprovement in specific fuel consumptlon
is obtalned by the use of the adjJustable exhaust nozzle. Informa-
tion 1s lacking on the effect of adjusteble exhesmnst nozzles on the
performance of englnes having compressor pressure ratios and
turbine-entrance temperatures higher than those of contemporary
engines, and no information is available on the effect of the com-
bination of edjustable turbline-entrance gtators and adJusteble
exhaust nozzles on engine performsice.

An analysls was made at the NACA Lewls laboratory to investi-
gate the desirabllity of using ad justable-stator turbines in com-
bination with adjustable exhaust nozzles by determining the opera-
t1ing characterlstics of turbines equipped with adJustaeble entrance
stators, by studying the design limitations, and by estimating the
effect on turbojet-englne performance. The secondary purpose of
this ansalysis is to est.mate the effect of adjustable exhaust noz-
zles alone on turboJet-engine performence and to compare this per-
formence with that obtained by using both adjustable turbine-
entrance stators and adjustable exhaust nozzles. The additional
degrees of freedom provided by these variations in englne geametry
change both the performance and the control characteristics of
turbojet englines; this investigation is limited to a study of the
performance characteristics.

The following problems are analyzed herein: (1) the required
ranges of adjustment of turbine stetor-blade angle and exhaust-
nozzle area; (2) the performance of a contemporary turbine modified
to employ an adjustable entrance stator; and (3) the probable per-
formance of turbojet englnes covering a wide range of compressor
pressure ratios and turbine-entrance temperatures with (a) fixed~
geometry components, (b) adjustable exhaust nozzles, and (c) both
ad justable turbine-entrance stators and exhesust nozzles. A com~-
perison 1s also made of the actual performence of two contemporary
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jet engines with the estimabted performsnce, assuming the engines
wore equipped with ad justable-angle stators and ajdjustable exheust
nozzles.

Charts sre presented that aid in estimating the performance
of ad justable-gtator turbines.

ANALYSTS
Stator-Exit-Angle Displacement and Exhaust-Nozzle-Area Veriation

In order to maintain constant compressor operating conditions
(that is, constant speed, pressure ratio, and mess flow), the stator-
exit angle must be varied to hold the mass flow constant as the
engine thrust and the turblne-entrance temperature are varied. In
order to determine the range of angular dlsplecement, an analysls
was maede assumlng that the mass flow through the stator wes lnde~
pendent of the pressure ratio acrogs the stator. This agssumption
1s valid for supercritical pressure ratios. For high suberitical
pressure ratios, this assumptlon is valld within reasonable limits,
ag shown in reference 4, where the variation in mass flow from the
choking value is only ebout 5 percent at a Mach number of 0.8. With
this assumption (using symbols defined in appendix 4), the follow-
ing equation can be wrltten:

v P’y L2 NT'1 ges
Wdes I\/T'l-AZ,d.es P'1,des

(1)

To a first-order approximation,

Az sin G'Z

Az,des 8lR ap des

Then

w P31 ATy g6 B81R %y

Vaes p’l,des ‘\{T']_ 8in or'Z,ci.as
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With the campressor operating at deslign point w = wyo, and
P'y = p' 1,des? the following expression holds:

sin ao T'l

sin “Z,des N,T'l,des

Figure 1, obtained using equation (2), shows the stator-exit
angle o2 aa a functlon of the ratio of the turbilne-entrance tem-
perature to the design turbine-entrance temperature 'I”l/T‘ des
for various values of a2,des* It is shown that excessive s{',ator-
angle displacements are unneoessa.ry for even large increases of
turbine-entrance temperatures. Thus, for a 50-percent increase of
turbine-entrance temperature, an increment of less than 6° is
required for a design value of 25°.

(2)

During acceleration at maximum turblne-entrance temperature,
ad justment of the turbine-entrance stator may be desired in order
to change the mass-flow characteristics of the turblne to provide
better compressor operation. At any given speed, it may therefore
be desirable to change the mass :E'lowr that would be obtained with
the stator set at its design angle . des to & new mess flow that

would insure optimm englne opera.tion w . As 1In the preceding
;0pb

dlscussion, except that the stator-pressure-ratio term 1s Included,

1
(p 1,a,0pt
Va,opt  P'l,a,0pt VT '1,a,des 812 Sopt P2,a,0pt

w p! sin ¢ p!
o, des 1,0,de8 AIT'l,a,opt des . l,u,,d.es>
2

P sx,des

(3)

At any given speed, P'y 1s approximately constant and for opti-
mum starting T'; should equal the meximum allowable temperature.
For impulse turbines, p; = Dz, which is constant for low englne
output because the pressure drop ecross the Jet 1z negligible.

Then
sin o

opt (4)
wu,, des oin Taes

wa.,opt -
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This equation is not qulte true for high-reaction blading, but 1%
does show the trend of the variation, if not the exact magnlitude.
The stator-exit angle ap &8 a function of the ratlo of welight
flow on the optimum operating line to welght flow at some point
off the optimm llne, obtalned with the deslgn value of «,
w@,Opt/Va,,des s 18 shown in figure 2 for various values of Gz geg.
Here again an angnlar displacement of only 6° 1s required for

approximately 20-percent change 1n weight flow for a design o
of 250,

It is also necessary to vary the exhaust-nozzle aree to mein-
taln constant turbilne work with turbine-entrance temperature
increasing above the deslgn tempersbture at the crulsing condition.
An anelysls that assumes that the exhaunst nozzle is choking and
that the turbine effliclency is constant is presented In appendix B.
The equation that defines the variation of exhaust-nozzle area is

2 X

7- ————— . S —————

) pﬂtT 1,des T'1 des Cpf 1,des
A,j des 1 des 4 1
-1 =
Ty 4wy (1 g Y

T'1,des CpltT'1,des °pl'1 de
(5)

The ratio of exheust arees to design exhaust area AJ/AJ des
as & function of T! /T'l degs With turbine design pressure ratio
as g parameter is shown in figure 3. It is shown that exceaslve
Jet-area variation is unnecessary even for a wide range of engine
thrust output. For a turbine deslign pressure ratio of 3, a mexi-
mum varlation of approximately 15 percent is necessery, whereas
for a turbine design pressure ratio of 6, a variation of approxi-
mately 35 percent ls necessary for a range of englne output from
deslign temperature to 150 percent of the design temperaturs.

Turblne Anslysis

During off-design-point operation, any turbine will encounter
losses in addltion to those that are inherent at design-point
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operation. The greatest additional losses are due to rotor-
entrance-angle deviation, exit whirl loss, and in some cases an
increesse in the relative rotor-entrance Mach number above the
critical value. In order to determine the operating characteristics
of turbines equipped with adjustable stators, it 1s necessary to
evaluate the effect on these three factors of verylng the stator-
entrance angle. '

A common method used for determining off-design-point turbine
characteristics 1 one based on one~dimensional flow using certain
coefficlents for evaluating losses. A method of this type is pre~
gented In reference 5, in which the loss due to rotor-entrance-

W
angle devistion is assumed to be equal to E%— sin? Baeys The
2
v
exlt whirl loass —;éi— is also considered, but the varlations in
the losses due to the changes in the relative rotor-entrance Mach
number are asssumed to be negligible.

This method has been used to obtaln the operating character-
latlice of a representative Jet-engine turbine. Auxillary ansalyses
have also been made to determine the effect of radius ratio on the
valldity of the one-~dimensional analysls, as applled to thls part-
icular inveatigation, and the effect of varylng the stator-exit
angle on the relative rotor-entrance Mach number.

A simplified method, presented in appendix C, provides for
the determination of the rotor-entrance angle deviation and rotor-
exit tangentlal velocity at off -design-point operation. This
method may be used to glve some indicatlon of off-design-polnt
operation of turblnes equipped with adjustable stetora.

One-dimensional anelysis of representative turblns. - Using
the design data and design-point performance of a contemporary Jet-
engline turbine and the method described In reference 5, an analysis
vas mede essuming that the stator-exit angle was adJustable. The
pertinent turbine design data used in this analysis are:

@2 ms ABE « ¢ ¢ v 4 a e et e s e e e e R .. . 28
Bz,m: B8 « v ¢ e e e e e e e e e R -
B3’m, o 1= T~ A ¥ 4
O -1 T P ¢ 0N 21591
Az, 8@ Tt . . . . ¢ o i o e i e s e i e e e i e e« . - 1l.2B

Hub-to-tip radius ratlo . . . . v ¢ ¢ ¢« ¢ ¢ ¢ ¢« v o ¢« v « . 0.70
Design speed, Uﬁ/xfez, Ft/86C . v v v i e e e e e e e . . . B804
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In order 0 keep the compressor at its opbtimum operating
point, the results are presented for comstant turbine work, weight
flow, and speed with the turbine stator-exlt angle varying to
allow these conditions to exist wlth varylng turbine-entrance tem-
perature, which was done by varylng the turbine pressure ratlo for
various values of turbine-entrance temperature and stator-exit
angle with constent mass flow and blade speed. The stator-exit
angle, the turbine pressure ratio, and the internal efficlency
were plotted against turbine power output and cross plots of these
variables were made for a congtant turbine output. The resulls
are presented in figure 4. The efficlency curve shows that the
turbine efficiency n¢ varies only 0.03 from the value at the
design polnt for a range of turblme-entrance temperatures of 40 per-
cent, The remaining curves show the corresponding varlations of
stator-exlt angle and turblne total-pressure retio with turblne-
entrance temperature. Inasmuch as the burbine efficlency varle-
tion is small for the range of temperatures investigated, it willl
be assumed constant in the general analytical treatment of Jet-
engine performance where the turbines operate in this temperature

range.

Effect of turbine hub-to-tip radius ratlo on one-dimensional
analysis. - The one-dimensional assumptions did not consider the
effect of changes in the reletive rotor-entrance angles with radius.
An analysls, presented In appendlix D, was mede to determine the
range of deviation of relative rotor-entrance angle. Based on
simple radial equillbrium and free-vortex flow, the radlal varia-
tion of ageg and Baey Wore determined for various values of
(Vp/U)oges aD8 ageg &b the mean radius. From figure 1, & new
stator-exlt angle was determineld for sach value of ap ,des for
T'1/T'1,des ©Of 1.5, and the radial variation of B - Bles VoS

calculated

In this analysils two assumptlions were mede. The first was
that even at supersonic stator-exlt veloclties the variatlon of
the flow angle st any radius was egqual to the veriation of the
blede angle at the stator exlt eand was Independent of the varia-
tion in pressure ratlo. Reference & supports this essumptlion up
to a pressure ratio of epproxlimately 2.7 for a particular turbine-~
blade configuration. This value will vary depending upon the blede
thickness, pitch, and exit angle. The second assumption used was
that the change in the tangentlial veloclity at the stebtor exit with
increasing temperature was small. The reason that this assumption
could be made was that for constent turbine speed, welght flow,
and turbine oubtput, V‘u’z -Vu,3 mst be constant and the change
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in Vv, ,3 for the turbine, analyzed as in the previous sectlon,

was investiga.ted for a range in turbine-entrance temperatures from
™ Tt
F——— = 0.9 to g——— = 1.4 anl was found to be negligible.
1,368 1,des
The results of this analysis are presented in figure 5, where
the relative-rotor-entrance-angle deviation £~ Bs ,des is plotted
as & function of radius ratio r/:rm for parameters *of design
stator-exit angle Om,des and design velocity retios (Vu/U)m

It may be seen from these curves that at values of J:'/rm less
than 1, the value of B2-B2,des 1is approximately equal to the
value at the mean radiuvs. This approximate equality indlcates
that, for thils range of r/rm, the losses assoclated wlith relative-
rotor-entrance-angle deviation are conslstent with the asssumption
of the one-dimensional analysis. At values of r/rp greater than 1,
however, the values of Bz ~Bo ,des ere smaller, which indicates
that the one-dimensional analysis resulte in high losses at the
rotor entrance. These hligh losses 1ndicate that the turbine effi-
clencies calculeted, besed on the one-dimensional analysis, are
negligibly low.

Effect of variable stator-exlt angle on relative rotor-
entrance Mach mumber. -~ In the design of turblnes, the relative
entrance Mach number 1s usually Just under the maximum allowable
value at the deslgn point. 4 change in the stator-exit angle from
the design point will cause a change in the relative Mach number,
and en Iincrease 1n the Mach number may result in a sharp decreese
in efficiency. Whether or not the Mach number will inorease or
decreaseé depends on the design conditions. An analysis presented
in eppendix E wes mede to determine the ccmbination of design var-
lables for which the relative rotor-entrance Mach number will
decreese for an increase in stator-exit angle (that is, an increase
in Jet-engine power), for constant turbine work, speed, and mess
flow, using the same assumptlions concerning stator-exit angle and
stator-exit tangential-veloclty variation set forth in the preced-
ing section. The following expression was obtalned for the maxi-
mun allowable stator-exlt angle for decreasing relative rotor-
entrance Mach number wilth lincreasing turblne-entrance temperature
as & function of velocity ratios V,/U amd V,/a'y:




. . ¢ 12¢T ’ .

o) G- B - o () (£ -3 - 3 - B
G-

Piguye 8 is plotted using the preceding equation, The function of this curve may be
oxplained by means of the following exsmple: If at a given radins the velocity ratio
Vu/U 18 equal %o 1,8 and the Mach mmber TV, fa'; = 1.00, then the maximm stator-exit
engle that will result in a decreesing relative rotor-entrance Mach number with
increasing turbine-inlet temperature is 36.7°. For eny larger stator-exlit angle, the
relative rotor-entrance Mach number will increase and & study of this Mach-number will
be necespary to determlns if the Mach nymber cbtained is ahove thet which is critlcal
for the particular set of rotor bladea.

aln g =

SCHOSHE Wi VIVN

(8)

The maximum relatlve rotor-sntrance Mach mmber ususlly ocoura at the lrmer radiuwe
of the turbine where the values of V,/U are ususlly between 1.5 and 2.0, In this remgs,
the maximm stetor-exit angles that regult in decreasing relative rotor-entrance Mech num-
ber for incressing turblne-entrance temperature are approximately 3) to 40 degrees.

Jot-Englne -Porformance Anelysis

_ In order to evaluate the effect of variable-angle-gtator turbines on Jjet-engine per-
formance, comparisons mst be made of conventlonal Jet englnes with and without varisble-
area exhaust nozzles apd Jjet englnes equipped with ed justeble-stator turbilnes and
varieble-ares exhaust nozzles. TIn order to obtain this comparison, two msthods were used.
The flrat method wae a genersl apalytlcal treatment that included cycle analysis to

obtain equilitwlum operating lines for hoth cemventional end ad Justabls-ptetor turbo-

Jot engines for a wide range of deslgn-point parameters, assuming conatant component
efficlency. The second method was a comparison of the opereting cheracteristica as deter-
mined from test data of two contemporary Jet enginss, with the operating oharacteristlce of

TT
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Jot englnes as analyzed with the followling components: the actual
compressors, ‘the actual combustion chambers, and the ad Justable~
stator turbines, together with variable exhaust areas.

Qeneral anslysils of Jet-engine performence. - In this analy-
sis, conventional Jet englnes and Jet engines equlpped with
varisble~area nozzles were compared with engines equlpped with
ad Justable-angle stators and variable-erea nozzles. These com-
parisons were made for various values of maximmm compressor pres-
sure ratic and turbine-entrance temperature. For any one compari-
son, the same value of maxlimum compressor pressure ratlo and
turbine-~entrance temperature was sgsigned to each of the three
types of englne. The eguilibrium operating lines of the .conven-
tional Jet englnes and the eguilibrium operating lines and the
nozzle-area variatlon of the englnes equipped wilth variable-area
nozzles were determined in accordance with the methods described
in reference 7. With the assumptlon thet the engine mass flow is
& functlon only of englne speed and that the component efficlencles
are constant, it 1s possible to obtaln an approximation of the off-
deslgn operating conditions for any set of design perameters. A
further condition applled to the Jet engines equipped with
varieble-aree nozzles was that the nozzle-area variation was
agaigned to hold engline speed constant. -

1321

For the adjusteble-stator turbojet englnes, the operating con-
ditions were determined by holdlng the compressor at its design
point; that ie, constant mass flow, speed, compressor pregsure
ratlo, and turbine. output. The engine output was varied by chang-
ing the turbine-entrance temperature and adjustling the stator-exit
angles and exhaust area. Here agaln constant component efficlencies
were sssumed., Thls method of analysis tends to favor the englnes
with variable-aresa exhaust nozzles, because reduction of turbine-
entrance temperature causes a decrease of the compressor efficilency
due to the large change in compressor pressure ratic that must
occur at constant speed, wheress In this analysia the compressor
efficlency was assumed constant.

In accordance with the method for cycle calculations pre-
sented in reference 8, an analysis was made for both the conven-
" tional and adjustable-stator turbojet engines for two values of
maximum turblne-entrance temperetures and a wlde range of meximum
compreggor presaure ratlos.

Specific fuel consumption, compressor pressure ratlo, and
exhaust-nozzle-area variatlion are presented in figure 7 aa a func-~
tion of percentage of maximum thrust for (a) conventional engines
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of fixed-geometry components, (b) jet englnes with variable-area
exhaust nozzle, and (¢) Jet englnes with verlasble-aree exhaust noz-
zle and adjustable tvrbine-entrance stators.

Insgmuch as the maximum compressor ratlo and turbine-entrancs
temperature occcur only at the maximum thrust point for each of the
three types of englne, the specific fuel consumpblons are equal at

+hta nAatnt T+ mery he geen thet for the nrmmlatse ranaas of AacmmMracaon

pressure ratlos and turblne-entrance temperatures investlgated,
the use of ed justable turbine stators and varlsble-area exhaust
nozzles results in Improvement, at lower then meximm thrust, of
specific fuel consumpbion over both the fixed-geometry Jet englnes
and verlable-area-exhaust-nozzle englnes, This Improvement varied
considerably, depending upon the compressor pressure ratlio and
turbine-entrance temperature used at maximum thrust.

Thus, for a maximum turbine-entrance temperature of 2400° R,
the improvemsnt 1n specific fuel consumptlon over Jet engines with
fixsed-geometry components at 60-percent maximm thrust veried from
9 percent at a maximum compressor pressure ratlo of 4 to 4.5 per-
cent at a maximum pressure ratlo of 12 (figs. 7(a) to 7(d)). For
a maximum bturblne-entrance temperature of 3200° R, the improvement
at 80 percent of meximum thrust vearied from 17 percent at a mexi-
mum compressor pressure ratio of 4 to 11.5 percent at a maximum
pressure ratio of 12 (figs. 7(e) to 7(h)). The improvement of
specific fusl consumption over Jet engines equipped with variable-
ares exhaust nozzles varied from 3.5 percent to 2 percent at a
maximm turbine-entrance tempersture of 2400° R and from 8.5 per-
cent to 3 percent at a maximum turbine-entrance temperature of
3200° R for the same conditions as previously given. The small-
est values of Improvement shown are probably of 1little signifi-
cance because the assumption of constent component efficienciles
may introduce errors of the same order of magnitude. The assump-
tions for the adjustable-turbine-stator case are the least uncer-
tain because they depend on a fixed compressor operating point
instead of on constant efficlency wlth varistions 1n compressor
operation.

It can be seen that at any given pressure retio the improve-
ment, at lower than maximum thrust, increases wlth Increaslng
turbine-entrance tempersture, whereas for any turblne-entrance
temperature the lmprovement decreases wilth inoressing pressure
retioc. The reason for the improvement in specific fuel consump-
tion 1s that, in almost every case lnveatigated, the turbine-
entrance temperature was gbove that necessary for minlmum specific
fuel consumption at that particular pressure ratio. Any decrease
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in pressure ratio in comparing one engline with another at any given
temperature (approximately fixed thrust) therefore caused an
inorease in engine specific fuel consumption. Thus, the higher
the maximm turbine-entrance temperature is above that which gives
minimm specific fuel consumption, the greater the improvement
that might be expected from a combination of adjJusteble-angle
turbine-entrance stators and variable-area exhaust nozzles. Also,
becaugse the optimum temperature increases with increasing pressure
ratio, for any given turbine-entrance temperature the improvement
in specific fuel consumption of adjustable~-angle-stator turbine
engines will decreacse as the maximum pressure ratio increases.
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The use of only variable-area exhaust nozzles resulted in an
Improvement of specific fuel consumption over the fixed-geometry
Jet engines for the complete range of thrust Investigated. Here
again, the improvement was dependent upon the compressor pressure
ratio and turbine-entrance temperature at maximm thrust. For a
maximum turbine-entrance temperature of 2400° R, the improvement
over Jet engines with fixed geometry at 60 percent of maximum
thrust varied from 5.5 percent at a maxlimum compressor pressure
ratio of 4 to 3 percent at a maxirmm pressure ratio of 12
(figs. 7(a) to 7(d)). For a meximum turbine-entrence tempera-
ture of 3200C R, the Improvement at 60 percent of meximum thrust
varied from 9.5 percent &t e maximum compressor pressure rablo of 4
to 8.5 percent a2t a maximum pressure ratio of 12 (figs. 7(e)
to 7(h)§’?

The range of compressor pressure ratlos over which the com-
pressor will operate for the various configurations is also shown
in figure 7. Thus, although the engine with two variable-geomstry
components can attaln constant compressor pressure ratio over the
range of operation, the pressure ratio of the conventiocnal engine
varies from about 25 to 40 percent and pressure ratios of the
engines with varisble-area exhaust nozrles vary from about 15 to
25 percent over a range of thrust output from 60 to 100 percent.
These variations wlll probably entail losses in compressor effi-
olency. In the varisble-ares-exhaust-nozzle engine, these losses
will probably be larger desplte the smaller pressure-ratio varia-
tion, inasmuch as these variations are assumed to occur at constant
speed.

A comparison is also presented of the variation in exhaust
area for the two varisble-geometry-component engines. It can be
geen that at the low pressure ratios the adjustable-angle-stator
engine has less area veriation than the ad Justable-exhaust-nozzle
engines, whereas at higher pressure ratlios the reverse is true,
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Ana.:égiis of contemporary Jjet engines with and without adjust-
able stators. - In this analysls, the operating performances
obtained from experimental data of two contemporary Jet englines
were used. Experimental data of the compressor and combustion
chamber were nsed in conjunction with an anaiysis of adjustable~
stator turbines to obtain the. operatling characteristilos of

ad justable-stator-turbine engines for comparison.

The performance of adjustable-stator-turbine englnes was
obtained for constant compressor cperating corditions over the
complete engine-power range. The turblne characteristics used in
this analysis were obtained in the following menner: The maximm
turbine efficiency was assumed o be obtained at approximately
70-percent meximum net englne thrust and the efficlencies over the
remainder of the operating range were assumed to very with turbine-
entrance temperature ratlio, as shown 1n the sectlon on turbine
analysls. The method for cycle calculations as presented in
reference 8 was used to obtain the over-all englne performence.

Figure 8 presents a comparison of engine performance for a
conventional Jjet engine and an englne with an adJusteble-stator
turbine with both engines having the same centrifugal-flow com-
pressor operating at & maximum compressor pressure ratio of 4.40
and bturbine-entrance temperature of 1960° R. Filgure 9 shows a
simller comparison for Jet englnes having the same axial-flow com-
pressor with a maximum compressor pressure ratio of 3.80 and at
turblne-entrance temperatures of 1760° R. The improvement in fuel
consumption at 70 percent of maximum engine output 1s & percent
for the centrifugal-compressor engine and 5 percent for the axial=~
flow compressor englne.

SUMMARY OF RESULTS

An snalytical investligation of turbines with edJustable
stator blades was made to determine their operating characteris-
tics and limltations, to determine the performance of Jet englnes
equipped with this type of turbine and with varlable-area exhaust
nozzles, and to compare the performance with conventlonal engines
with fixed geometry and with conventlonal englnes with varlable-
area exhaust nozzles. The following results were obtalned:

1. The varlation In turbine stator-exit angle was not excessive
for wide ranges of englne thrust output. For a S50-percent incresse
in turbine-entrance temperature, an lncrement of less than 6° was
required for a design exlt angle of 259,
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2. The neceasary veriatlon in exhaust-nozzle area was not
large, but increased for higher turbine pressure ratios. A mexi-
mum variation of approximately 15 percent for a deslgn turbine
pressure ratlio of 3 and approximately 35 percent for a design tur-
bine pressure ratlo of 6 were necessary for & range of englne out-
put from design temperature to 150 percent of design temperature.

3. The variation in turbine efficlency from the value at the
design point for a range of turbine-enitrance temperatures of 40 per-
cent 1s sbout 0.03 for a contemporary turbline equipped with ad just~
able gtators,

4, The improvement 1in over-sll specific fuel consumption that
may be cobtained at 60 percent of maximum thrust with the use of
variable-angle-gtator turblnes and adjustable-area exhauat nozzles
varies from more than 4.5 percent (for a maximm thrust conditilon
at a turbine-entrance temperature of 2400° R and compressor pressure
ratio of 12) to 17 percent (for a maximum thrust condition at a
turbine-entrance temperature of 3200° R and compressor pressure
ratio of 4).

For a gimilar range of maximum-thrust parameters, the im-
provement in specific fuel consumption of this configuration over
engines equipped only with variable~ares exhaust nozzles was from
2 to 8.5 percent. In the variable-area-exhaust-nozzle engines,
the compressor losses will probably be larger than in the engines
wlth the other two conflgurations, and thus the advanteges, as
presented for the variable-angle-stator englnes over engines
equipped only with variable-area. exhauwst nozzles, are pessimistic,

The smallest values of Ilmprovement shown are probably of
little significance because the assumptlon of comstant component
efficlencles may introduce srrors of the same order of magnitude,

5, Two contemporary jet engines with maximum compressor pros-
sure ratios of 4.4 and 3.9, turbine-entrance temperatures of 1960°
and 1760° R, and equlpped with variable-angle-gtator turbines and
adJustable—area exhaust nozzles gave an improvement in specific
fuel consumption of about 8 and 5 percent, respectlively, at a
cruising condition at 70 percent maximum englne oubtput over com-
parable fixed-geometry Jet engines.

Lewls Flight Propulsion Laboratory,
National Advisory Cammltiee for Asrcnautics, R
Cleveland, Ohio. '
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APPENDIX A

SYMBOLS

The following symbols are used in thls report:

[N

flow area, sq £t
An effectlve annulus area

velocity of sound, ft/sec

o

specific heat at constent pressure, Btu/(1b)(°R)

[2)
o

acceleration due to gravity, f‘l:/sec2
specific enthalpy, Btu/lb

mechanical equivalent of heat, f£t-1b/Btu
Mach number

absolute pressure, 1b/sq £t

W g B &4 B onw

gas constant, £t-1b/{°R)(1b)
radius, £t

ebsolute temperature, °R
blade velocity, ft/sec

absolute gas velocity, fit/sec

2= 4 o 3

relative gas veloclty, ft/sec

gas welght flow, 1b/sec

=

angle of absolute velocliy with tangential direction, deg

e

angle of relatlve velocity with tangentilal direction, deg

<N ™

rg.tio of specific heats

P density, lbfeu ft



18 NACA REM ES0EO05

] temperature reduction factor (T/T*)

ng turbine efficiency based on stegnation condltlions neglecting
tengential velocity component

Subscripts:

0 ambient

1 turbine entrance

2 turbine-gtator exlt, -rotor entrance

3 turbine-rotor exit

cr state at speed of sound (critical)

des deslgn

dev deviation

J Jet

m conditlon at mean redius

opt optimum

t turbine

u tengentisl

W relative velocity

x axiel

Superscripts:

' stagnetlon state

* reference atsate
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APPENDIX B

EXHAUST-AREA VARTATION AS FUNCTION
OF TURBINE-ENTRANCE TEMPERATURE
In order to determine the range of exhaust-area variatlon, an

enalysis assuming supercritical or high subcritical velocitiles at
the Jet was mede as follows:

. D'z P's
Weight flow +w through Jet = AJ £\ —
,‘/Tt 3 Po
For high subsonic or supersonic velocitles at the Jet,
'3
f(——) = constant
Po

For constant turbine work,

t
I k.
°p
or

7-1
Ah' Pl 7

t 1 _ (23

Spig T'1 'y

or

Substituting for T'z and p'z in the equation for welght flow
yFields
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I, fC's)

opfiy T'31

Inasmuch 88 W = Wyeg»

I~
=

V4 v Y=

71 (]_ Ah"b z’ ( T'l )

7- - T ———————— —————————

Ay T'1) SpNtI'] des T'i,des  Cpt ' 1,des

' 1
z

A T
J,des 1,des 7_1
-~ ;) <‘ ;)
I 1,des pﬂtT 1,de Cpt’ 1,de

(5)
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APFENDIX C

CONSTRUCTION AND USE OF CHARTS FOR DETERMINATION OF I1.0SS
PARAMETERS FOR OFF-DESIGN-POIRT TURBINE OFERATION

The charts for determining the rotor-exit conditions of a
turblne were constructed as follows:

From the energy equatlon,

1
2|7t
e _|p .21 /¥
ot 7+l 8oy
where a,, = gRT!

7+l 7
and from the exit-veloclty vector diagram

2 2
&cr Bcr Zcr

the following expression is derived:

L
r-1
2 2
PV 4 [V + 7 V.
x . 1_71 X ! x (7)

By assigning values of g:ﬂ?'x/c:'a.cr and V,/2.,., & graphlceal solu-
tion was used to determine V,/&,, from equation (7) for 7 = 1.30.
Relatlve rotor-exit angles were then asssigned and the values of
U/acr were calculated. For each assigned value of pVI/ D'8ny,
charts were comstructed with values of V,/a,, plotted against
U/a,, with relative entrance angles B, as a parameter.

The charts for determining the rotor-entrance coniitions
were constructed as follows:
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vy /U
tan Bz = X
wu; U
where
W, 'Vu 1
T U
and
Y
v, /U
Then

.1 (V,/U ten a.)

v, /U -1

When values were assigned to o and Vu/U, B, wes calculated
using equation (8), and & chert was constructed with Bs plotted
againat Vu/‘U ~with the stator-exit angle a as a parameter.

The procedure for application of the charts for determinatlon
of Vu,s and - B, at off-design condlitions follows.

For any turbine operating condition, these variables are known:

Ty turbine-entrance temperature

a2 stator-exit angle
U blade speed
Bz rotor-blade-exit angle

Ah',  turbine output (constant)

turbine mags flow (constant)

=

Anz effectlive rotor-exit annulus area .
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Then
Ah'
Ty = Ty -
3 1 op
and

=1
+
P'z =Py (|1 - —
3 1 ( "thpT'1>

From the preceding relations, p'z and a'cr,3 may be determined.

AT o
ALSCO

w
psvx,s = —
Then

DV,
'3 x,3
P 38,3
and

U
&er,3

are also known. With the use of these parameters, fz, and fig-
ure 10,° Vu,3/acr,5 cen be determined. With 7V, 3 known, B3

may be found as follows:

Ah't -3
u,2 U * v.u,ZS

and with the use of Vu’z, as, and figure 11, B, can be
determined.

Thus, for any operating condltlion, the parameters that effect
the greatest off-deslign losses can be determined. The internal
efficlency 7n4 must be assumed in the calculatlon of p'z; however,
inasmuch as this assumptlion affects only the value of p'z for a
first approximation, 1t will usually be sufflclent to use the
design value of effliciency.
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APFENDIX D

RELATIVE-ROTOR-ENTRANCE-ANGLE VARTATION WITE
RADIUS FOR ADJUSTABLE STATORS

In order to determine the relative rotor-entrance angle along
the radius, 1t is necessary to find the stator-exlt-angle varlation
&t the desired off-design point. TFor vortex flow at the design
point,

V,r = vu,mrm '

tan on. o E_ Jxm T
des = v, Va,m Tm

(9)

At the off-design point,
@ = Gjea + Xdev
where agey may be determined from figure l.

For simple redial equilibriuvm,

"and

for constant energy along the radius.
From the velocity trisngle,
Vzuvuz (1 + tan® a)
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Ccmbining the equilibrium and energy equations and substitub-
ing for Ve yleld

d(log V) . 1 (
r

i - s -];+seczcr.tana.%)
(1 + tan” a)

and because o = Qgeg + Ggeys CHEDR

d ( log Vu) 1
d.r =

secz(a, +a, )
des dev

a( + )
E-T + s0c?(ageg + Agey) an (Ggeg + Fey) Gdesa_r “‘de‘r]

Differentiating equation (9) yields

2
d.(cr.des) Vy,m ©05° Gges

dr Vu,m Tm
and
d‘(ad.ev) = 0
dr
d(log V..}
~ n .- Iio::oaz(cz.c-{.e,s + “’devi[
d C—
&)
1 cos® ageq ' Vx,m
= t 2 ten (ages + “gev) Vo
cos” (ageg + Sgev) ’

By integrating this equation and using equation (9) to define ageg;
V, was obtained as a function of r/ry Ffor various values of cgeg
and the value of age, Was obtained from figure 1, for a

T'1/B'1 ges Of 1.5.
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APPENDIX E

VARTATION OF RELATIVE ROTOR-ENTRANCE MACH NUMBER
WITE TURBINE POWER OUTFUT

In order to determine the variation of the relative rotor-
entrance Mach number from the design point at the crulsing condi-
tion, the followlng analysls was made:

2 W2
M = 78RTo

ilnasmuch as

WP = (v,-0)% + v, 2

and
sin a
tan a = >
R;l - 8in «
then
2 2

‘2 1 s Vu ain” o
M, = (Vv,-0)" + —
78RTy l-s8in"«

Substituting for T, 1n terms of turbine-entrance tempera-
ture and stator-exlt velocity yilelds

2 ' -1
2 1 vu i sinzcn
ATy -y - (3 e e
l«8in o

Vuz sinz o

l - s:T.n2 a

(v, - U)z +
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Because
gin o - T'y
8in dgeg VT'I,des
2 2 T 2 .2 '
(v, -1) (l - sin” ageg o )+ Vy 8in” agee o
sz l,des 1l,des

b d \
1 -1
78R T'l(l - sinf T3eg TT )" 2 v"ﬂ.z
1l,de

By differentiating M,® with respect to T'y, setting the dif-
ferential equal to zero, and essuming that OV, /dF'; is zero, the
following eguation is obtalned:

2(7?,1 - %) sia® o - [(7-1) G?I)z (%1‘ } %)‘
zC—;‘i - )z]sinz a -(%‘- - 1)2 =0

where

aly = ﬂ/?’GR Ty

Solving for the maximum value of ain a for which decreasing val-
ues of My are obtained for increesing power ylelds:



ae. /‘(_) (- 3)-fle -
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Figure 1. — Variation of stator-exit angle with
temperature ratio for constant weight flow and
various design values of stator-exit angle.
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Figure 2. — Variation of statar—exit angle with weight—flow ratio for
various design values of stator-exit angle.
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Nozzle-area ratio, Aj/Aj,des
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Relative-rotor-entrance-angle deviation, By - B2 ges
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Figure 7. — Continued. Comparison of representative
jet eagine with fixed geometry, variable-area
exhaust nozzle, and adjustable stator blades and
variable-area exhaust nozzle. Flight speed,

600 miles per hour at sea level.
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